microRNAs (miRNAs) constitute a novel class of small, noncoding RNAs that act as negative post-transcriptional regulators of gene expression. Although the nervous system is a prominent site of miRNA expression, little is known about the spatial expression profiles of miRNAs in neurons. Here, we employed compartmentalized Campenot cell culture chambers to obtain a pure axonal RNA fraction of superior cervical ganglia (SCG) neurons, and determined the miRNA expression levels in these subcellular structural domains by microarray analysis and by real-time reverse-transcription polymerase chain reaction. The data revealed stable expression of a number of mature miRNAs that were enriched in the axons and presynaptic nerve terminals. Among the 130 miRNAs identified in the axon, miR-15b, miR-16, miR-204, and miR-221 were found to be highly abundant in distal axons as compared with the cell bodies of primary sympathetic neurons. Moreover, a number of miRNAs encoded by a common primary transcript (pri-miRNA) were differentially expressed in the distal axons, suggesting that there is a differential subcellular transport of miRNAs derived from the same coding region of the genome. Taken together, the data provide an important resource for future studies on the regulation of axonal protein synthesis and the role played by miRNAs in the maintenance of axonal structure and function as well as neuronal growth and development.
INTRODUCTION
Subcellular mRNA localization comprises a fundamental mechanism for regulated gene expression in developing and adult brain. The resulting temporal and spatial patterns of local protein synthesis is required for a number of important neuronal processes, such as differentiation and maturation, axon guidance, synapse formation, and cognitive brain functions (Costa-Mattioli et al. 2009 ). Previous studies identified that local translation is under tight control via a number of different mechanisms, such as control of mRNA stability (Smart et al. 2007 ), translation initiation (Klann et al. 2004) , and elongation (Huang et al. 2005 ) and by the recently discovered noncoding miRNAs (for review, see Schratt 2009a) . At present, there is little knowledge of the intricate nature and role played by miRNAs in the axons and synaptic terminals of neurons. The regulation of gene expression by miRNAs represents a distinct mechanism of translation regulation. miRNAs are single-stranded RNA moieties of about 21-23 nucleotides (nt) in length. They are highly conserved and involved in a subset of biological processes in which they have been shown to be implicated in developmental timing, cell proliferation, apoptosis, metabolism, cell differentiation, and morphogenesis (Ambros and Lee 2004; Niwa and Slack 2007) . Several recent reviews provide detailed descriptions of miRNA biogenesis and mode of action (Kim 2005; Filipowicz et al. 2008) . Remarkably, it has been shown that these small molecules coordinately regulate multiple genes coding for proteins with related cellular functions (van Rooij and Olson 2007) , and their presence in the dendrites of neurons has been previously reported (Kye et al. 2007; Lugli et al. 2008; Siegel et al. 2009 ).
The functions of individual miRNAs in neurons are just beginning to emerge, and multiple lines of evidence point to the widespread involvement of miRNAs in various neurological diseases (for review, see Bassell and Warren 2008; Hunsberger et al. 2009 ). In addition, recent studies have elucidated several roles for neural miRNAs at various stages of synaptic development, including dendritogenesis, synapse formation, and synapse maturation. Furthermore, some of these studies have shown that miRNAs regulate mRNA translation locally in the synaptodendritic compartment (for review, see Schratt 2009b) . In recent studies, we delineated a novel molecular mechanism by which the brainspecific miR-338 participated in the regulation of axonal growth and function by locally modulating the levels of a nuclear-encoded mitochondrial protein. This finding points to a novel mechanism for a soma-independent regulation of protein synthesis in distal axons through neuronal miRNAs (Aschrafi et al. 2008 ).
In the present study, we employed a compartmentalized cell culture system to obtain a pure axonal RNA fraction of superior cervical ganglia (SCG) neurons, and present the results of a microarray analysis that led to the identification of a large heterogeneous population of axonal miRNAs. By combining microarray expression profiling with miRNAspecific real-time reverse-transcription polymerase chain reaction (RT-PCR), we provide, for the first time, a comprehensive list of miRNAs residing within the axonal domain. These data provide a base for future studies of individual miRNAs, their target genes, and the role played by the miRNAs in the regulation of local protein synthesis.
RESULTS AND DISCUSSION
Although we routinely monitor the side compartments of the Campenot cell culture chambers for the presence of neuronal cell soma and non-neuronal cells using light microscopy, trace cellular contamination of the axonal RNA preparation might still be detectable at the level of resolution afforded by microarray analysis or real-time PCR methodology. To address this issue, the purity of the RNA samples prepared from the distal axons was assessed by real-time PCR using gene-specific primer sets for mRNAs present in neuronal cell soma and glia. As shown in Figure  1A , amplicons for munc18, rim, and synapsin 3, mRNAs encoding proteins involved in synaptic vesicle function, were readily visualized in RNA prepared from the neurons present in the central compartment, but were not observed in RNA obtained from distal axons. Identical results were obtained using gene-specific primers for glial fibrillary acidic protein ( Fig. 1A, GFAP) . These data support the contention that the RNA prepared from the side compartments is free of neuronal and glial contamination.
Results of Western blot analysis performed on protein lysates obtained from the side and central compartments of the Campenot chambers indicate that the distal axonal fraction is enriched for axonal proteins (Fig. 1B) . For example, the abundance of Tau, an axonal marker protein, relative to b-actin, was greater in the distal axons as compared with the neuronal soma (relative ratio axon to soma 4:1). In contrast, distal axons were devoid of MAP2, whereas this dendritic biomarker was readily detected in protein samples obtained from the central compartment ( Fig. 1B) .
Previously, we identified an axonally localized miRNA that regulates the expression of cytochrome c oxidase IV (COXIV), a key protein within the electron transfer chain in mitochondria, which participates in the control of ATP levels in the axons of sympathetic neurons (Li et al. 2006; Aschrafi et al. 2008) . We reasoned that miRNAs that are important for axonal function and development might be located in distal axons, where they could locally regulate the translation of relevant target mRNAs. To investigate the global expression of miRNAs in the axons of primary SCG neurons, we isolated total RNA from the distal axons of SCG neurons, and delineated the component miRNAs using a miRNA microarray kit with optimized probe sequences targeting all of the known mature rat miRNAs in the miRBase Sequence Database, Release 9.0. In addition, we analyzed total RNA from the central compartments of these cultures, which contained the parental cell bodies and proximal axons of these neurons. Microarray expression profiling revealed that axons of rat sympathetic neurons contain a large, heterogeneous population of miRNAs (Supplemental Table S1 ): Several of these miRNAs are highly expressed in these neurons. A listing of miRNAs that are most abundant and/or enriched in the axon is provided in Table 1 . In addition, the microarray data demonstrated that miRNAs belonging to the same family could be readily differentiated by this experimental approach. For example, miR-125a and miR-125b differ only by three nucleotides, but yielded highly reliable and markedly different signal intensities of 41.2 (65.2 SEM) and 322.5 (643.8 SEM) relative fluorescence units (RFU), respectively. To further assess the distribution of the miRNAs in the axons as compared with cell bodies, we calculated the ratios of the axonal signal intensities compared with the signal intensities in the cell body for each miRNA. The distribution pattern for 60 miRNAs is shown in Figure 2A . The average ratio (axon/soma) obtained for the miRNAs by microarray profiling was 1.26 (60.08 SEM), suggesting that most miRNAs have similar relative abundances between the cell bodies and distal axons. However, a number of miRNAs were observed that were significantly enriched in the axons compared with the cell bodies, while others were enriched or present only in the cell bodies. For example, miR-204, miR-221, miR-15b, and miR-16 are characterized by the former pattern, while miR-297, miR-206, and miR-124a are examples of the latter pattern. This finding confirmed previous studies reporting that miR-124a, a miRNA important for neuronal differentiation, is cell-body restricted, as assessed by microarray analysis, in situ hybridization (ISH), and RT-PCR (Kye et al. 2007; Siegel et al. 2009 ).
To validate the microarray analysis, we assessed the expression of 57 miRNAs by real-time quantitative RT-PCR (qRT-PCR) using miRNA-specific primers. As selection criteria, we chose miRNAs found to be highly expressed by microarray, with axonal signal intensities that were three standard deviations above the background intensity, as well as some that were expressed at a lower level, with signal intensities that were one to two standard deviations above background. In addition, 17 miRNAs with microarray intensities less than one standard deviation above background level were assayed by qPCR to establish a cutoff C T value. Previously, it was shown that mature miRNAs present in low copy number have C T values higher than 35 . Consistent with this finding, the C T values obtained for 16 of these miRNAs were higher than 36, and the corresponding standard deviations were high ($1). Additionally, melting curve analyses of the amplicons revealed a lack of fidelity of the signal. A rank ordering of the 15 most abundant miRNAs, as judged by qRT-PCR analysis (C T values), is provided in Table 2 .
Following the establishment of the cutoff C T value, we calculated the relative expression (RQ) of the miRNAs in the axons compared with the soma using the comparative C T method (Schmittgen and Livak 2008) . This method has been successfully employed in the quantitative analyses of miRNA expression by realtime PCR (Saba et al. 2008; Aldrich et al. 2009; Hébert et al. 2009 ). Briefly, DC T values for each miRNA were obtained after normalizing to U6 snRNA, a common normalizer for miRNA expression, and miR-103, which has been previously shown to be a very stable reference miRNA (Peltier and Latham 2008) . The RQ for each miRNA in the axon compared with the soma was calculated using the equation 2 ÀDDC T , where DDC T = DC T,axon ÀDC T,soma (for example, see Table 2 ). As shown in Figure 2B , the analyzed miRNAs were distributed between cell bodies and axons in a Gaussian fashion similar to the distribution calculated for miRNAs identified using microarray profiling. These studies further revealed a high correlation between the microarray profiling data and the results of real-time RT-PCR for more than 80% of the miRNAs (r = 0.73, P < 0.0001). Consistent with the microarray results, the average relative abundance of axonal/somal miRNA obtained by real-time RT-PCR analysis was 1.2(60.1 SEM)-fold. Moreover, we were able to confirm the axonal enrichment of miR-204, miR-221, miR-15b, and miR-16 and the cell body enrichment of miR-297, miR-206, and miR-124a. However, in a few cases, inconsistencies between the microarray data and the real-time RT-PCR results were identified. For example, miR-329 showed a 2.6-fold axonal enrichment by real-time RT-PCR, but the ratio of intensities (axon/ soma) obtained by microarray was 0.48(60.04 SEM). Reasons for these discrepancies in the data are unclear, but could derive from differences in hybridization efficiencies or variations in RNA sampling.
To confirm the axonal localization of relatively abundant miRNAs identified by both microarray and qRT-PCR analyses, we performed ISH in primary SCG neurons, using locked nucleic acid (LNA) probes for miR-16, miR-221, and a scrambled miR probe as a negative control. Consistent with the microarray and real-time qPCR results, miR-16 and miR-221 were readily visualized in distal axons as punctate fluorescent ISH signals (Fig. 3A,B ). In contrast, no punctate fluorescent signals were observed with the scrambled miR probe (Fig. 3C ). An essential requirement for the functional role of miRNAs at post-or presynaptic endings is the targeted delivery of these noncoding RNAs along the neuronal processes. However, the mechanism of miRNA transport is entirely unknown. Several models were proposed for the shuttling of miRNAs to the synapse (Kosik 2006) . The models proposed included codelivery of miRNAs with their cognate mRNA targets into neuronal endings by RNA granules, mRNA-independent delivery of mature miRNAs, as well as synaptic delivery of the precursor miRNA molecules, followed by a subsequent local processing by Dicer to the mature functional miRNA form. The latter model is supported by our previous findings of the presence of miRNA processing machinery in distal axons of sympathetic neurons (Aschrafi et al. 2008 ).
Many of the known miRNAs appear in clusters on a single polycistronic transcript (Lagos-Quintana et al. 2003) . Although post-transcriptional regulation of miRNA expression has been demonstrated (Obernosterer et al. 2006) , little is known about the regulation and processing of different miRNAs derived from the same transcript. In this study, we explored the relative distribution of miRNAs derived from 13 polycistronic transcripts. Our results indicate that the relative abundance of some of the miRNAs derived from five polycistronic gene transcripts differed significantly in the axon and cell soma (Table 3) . This finding suggests that only a subset of polycistronically expressed miRNAs are post-transcriptionally regulated and differentially transported into the distal axons. Alternatively, the half-lives of these miRNAs might differ markedly in the two cell compartments. Whether the selective expression of polycistronically expressed miRNAs is an axon-specific phenomenon or is manifest in the dendrites is unclear, and represents an interesting question for future research.
miRNAs fine-tune the expression of their target genes in disperse locations within the cell. A particularly powerful aspect of miRNA function is the ability of individual miRNAs to coordinately regulate a multitude of genes coding for proteins with related cellular functions. Based upon this observation, we explored the possibility that miRNAs that were highly abundant or enriched in the axon had putative target genes with similar axonal functions. Using the miRNA target prediction tool TargetScan (Lewis et al. 2005) , we identified putative targets for miR-204, miR-221, miR-146, miR-16 and miR-15b, miR-320, miR-103, miR-541, miR-125b, miR-23a and miR-23b, miR-26a, Distribution plot shows the relative expression of axonal miRNAs compared with the soma as measured using miRNA-specific primers. Relative expression was calculated using the 2 ÀDDCT value after normalizing the C T values in the axons and soma to the corresponding levels of U6 snRNA. The distribution can be approximated as normal by means of the Shapiro-Wilk normality test (P = 0.286). miR-382, miR-24, and miR-185 (Table 4 ). Many of these target genes coded for receptors and ion channels, molecular motors, transcription and translation factors, ribosomal proteins, as well as proteins involved in vesicle recycling. All of these putative target mRNAs have been identified in the axons of invertebrates (Martin 2004; Crispino et al. 2009 ) and vertebrates (Willis et al. 2007; Taylor et al. 2009; Vogelaar et al. 2009 ). It is important to note that receptors and transmembrane proteins can be synthesized locally in axons (Spencer et al. 2000; Bi et al. 2006; Tsai et al. 2006 ) and that functional receptors appear to be incorporated into the axolemma via an ER-and Golgi-dependent mechanism (Merianda et al. 2009 ). Although attention has been focused on miRNAs that are relatively abundant or enriched in the axon in this report (Table 1) , it is likely that low abundance miRNAs might also play an important role in the regulation of local translation and axonal function. For example, the axonal localization of brain-specific miR-338 has been established by in-situ hybridization histochemistry using LNA hybridization probes, and has been shown to regulate axonal ATP synthesis and respiration in SCG neurons through modulation of COXIV mRNA levels (Aschrafi et al. 2008) .
Protein translation in neurons occurs in the cell bodies or locally in the distal neuronal processes. Local protein synthesis is implicated in many aspects of neuronal development and function, such as axon guidance, dendritic elaboration, synaptic plasticity, and long-term memory formation. Although the existence of local translation in dendrites has been widely accepted, the question of whether or not translation occurs in axons has remained more controversial. Recent findings establish that proteins requisite for structural/functional maintenance of axons are synthesized locally in the axon and nerve terminal, and call attention to the intimacy of the relationship that has evolved between the distant cellular domains of the neuron and its local protein synthetic system (for review, see Kaplan et al. 2009 ).
In conclusion, our studies delineated the miRNAs present in the axons of sympathetic neurons, and provide an important resource for future studies on the role played by miRNAs in the regulation of intra-axonal protein synthesis. One-way ANOVA and Tukey's HSD post-hoc test were used to calculate significant differences between the indicated miRNA(s) and the remainder of the miRNAs within the same cluster: (*) P < 0.05; (**) P < 0.01; (***) P < 0.0001. a Data are the average of six replicates (6 SEM). Campenot compartmented culture dishes as previously described (Hillefors et al. 2007 ). Cells were cultured in serum-free medium containing 20 mM KCl, NGF (50 ng/mL), and 20 U/mL Penicillin/20 mg/mL Streptomycin (Hyclone) for 3-10 d prior to use, with media changes every 3-4 d. To inhibit the proliferation of nonneuronal cells, 5-fluoro-29-deoxyuridine (50 nM) was added to the culture medium 24 h after plating and maintained throughout the culture period. The side compartments, which contained the distal axons used in these experiments, contained no neuronal soma or non-neuronal cells, as judged by phasecontrast microscopy, as well as ethidium bromide and acridine orange staining.
MATERIALS AND METHODS

Neuronal cell culture
Western blot analysis
Distal axons in the side compartments of Campenot chambers or soma and proximal axons in the central compartment were harvested separately and lysed in 50 mM Tris-HCl (pH 7.4), Presence of the mRNA in the axon previously reported by Willis et al (2007) . inhibitor cocktail (Roche). Protein concentration was assessed using the Micro BCA Protein Assay Kit (Pierce). For SDS-PAGE, equal amounts (2-5 mg) of each lysate were boiled in NuPage sample buffer (Invitrogen) and resolved on 4%-12% linear gradient gels. Proteins were transferred to PVDF membranes, probed with monoclonal antibodies to b-actin, Tau, and MAP2 (Sigma), and developed using the ECL Advance Western Blotting Detection Kit (GE Health Care).
In situ hybridization
Visualization of miR-16 and miR-221 in the axons of SCG neurons was accomplished by in situ hybridization using fluorescein isothiocyanate (FITC)-conjugated LNA probes (25 nM, Exiqon). A scrambled miR probe was employed as a negative control. We followed the protocol described in Aschrafi et al. (2010) , with the following modifications. After fixation, the neurons were dehydrated and rehydrated by sequential addition of 70%, 90%, 100%, 90%, and 70% ethanol solutions, and washed three times in PBS. After hybridization, the neurons were washed twice in 23SSC and twice in 0.23SSC at 60°C, for 30 min each. The signal intensity of the FITC probe was amplified with the Alexa Fluor 488 Signal Amplification Kit (Molecular Probes).
RNA isolation and miRNA microarray analyses
Total RNA was isolated from the axons or soma of SCG neurons using RiboZol RNA extraction reagent (Amresco) according to the manufacturer's protocol. The concentration and purity of the RNA were assessed using a UV spectrophotometer. Total RNA samples, isolated from the central and side compartments of the Campenot chambers, were analyzed using the NCode Multi-Species miRNA microarray kit (Invitrogen). MicroRNA populations were polyadenylated and subsequently ligated to labeled DNA polymers using the 6X Alexa Fluor 3 (A3) or 6X Alexa Fluor 5 (A5) Rapid Ligation Mix. The two differentially labeled reactions were combined into one tube and then loaded onto NCode Multi-Species miRNA Microarray V2. The arrays were mounted with the Maui Mixer SL and hybridized overnight (16-20 h) at 52°C with constant mixing. The arrays were washed and scanned using a GenePix 4000B microarray scanner (Molecular Devices). The scanned array images were then annotated and analyzed using the GenePix software. The annotated data were normalized using a Latin Squares algorithm by the NCode Profiler data analysis software. A dye swap analysis was performed on the data to identify differential markers. The array data were checked to ensure the median backgrounds were below 75 relative fluorescent units (RFU). Median local backgrounds were subtracted from the median spot intensities to generate background-corrected median intensities for all spots.
Quantitative RT-PCR
For optimized detection and quantification of miRNAs, cDNA was synthesized from total RNA using the NCode miRNA First Strand cDNA synthesis kit (Invitrogen) according to the manufacturer's protocol. Using first-strand cDNA as a template, triplicate qPCR reactions were performed for each miRNA using miRNA-specific forward primers and the NCode Universal qPCR reverse primer. The forward primers for qPCR analyses for each miRNA were designed using the entire mature miRNA sequence. Minus template and minus forward primer controls were included to ensure lack of signal in the assay background. All C T values used for analyses were averaged from three to six replicates and those with high standard deviation (>1) were not included in the analyses. Melting curve analysis was performed to test for the specificity and quality of the qPCR amplifications. Relative expression was calculated using the comparative C T method and normalized to the expression of U6 snRNA and miR-103. Using miR-221 as an example, the relative expression (RQ) was calculated as follows:
DDC T = DC T;axon À DC T;soma = C T;miR-221 À C T;U6 Â Ã axon À C T;miR-221 À C T;U6 Â Ã soma = 31:41 À 29:45 ½ À 25:39 À 23:97 ½ = 1:92 À 2:41 = À 0:49;
where relative expression (or RQ) = 2 ÀDDC T = 2 À(À0.49) = 1.41. RT-PCR methodology was also used to assess the purity of the axonal RNA preparations. In these experiments, total RNA was reverse transcribed using oligo (dT) primers and SuperScript First-Strand Synthesis Kit (Invitrogen). Amplification was accomplished using gene-specific primers as previously described (Gioio et al. 2001) . PCR reactions for synaptic vesicle associated proteins and GFAP were fractionated by electrophoresis on 2.5% agarose gels, and amplicons were visualized by ethidium bromide staining. PCR reactions without reverse transcriptase yielded no amplification products.
Statistical analysis
Student's t-test was used to determine significant differences between two groups. One-way ANOVA and Tukey's HSD post-hoc test were used to analyze significant differences among multiple groups; P < 0.05 was considered significant.
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